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1. Motivation
Ultraperipheral collisions (UPCs) of relativistic ions are defined by a large impact parameter
b that exceeds the sum of the nuclear radii RA. At these large distances, short-range strong nuclear
forces are suppressed. The nuclei interact instead electromagnetically through long-range photon
exchanges in γγ and γA reactions, in particular when they are as heavily charged as lead ions
(Z = 82) [1]. Interesting examples of physics processes in UPCs include quarkonium and dilepton
pair production, light-by-light scattering and searches for physics beyond the Standard Model. Here
we focus on inclusive dijet photoproduction in Pb-Pb collisions at the LHC, which has recently
been observed and analysed by the ATLAS collaboration [2].
Apart from the novelty of the observation, this process is particularly interesting for future
constraints on nuclear parton distribution functions (PDFs) f j/A(x,Q2) [3, 4]. They can be mod-
eled from their bare proton counterparts f j/p(x,Q2) with a multiplicative factor RAj (x,Q
2), which
captures the nuclear modifications. Depending on the region in the momentum fraction x, different
effects have been observed. At low x, the shadowing suppression can be interpreted as the absorp-
tion by surface nucleons of the virtual photon probing the nucleus after fluctuating into qq¯ dipoles.
Shadowing is compensated at intermediate x by antishadowing as imposed by the momentum sum
rule. At large x, nuclear PDFs are again reduced by the EMC effect, interpreted in various ways
like valence quark suppression due to nuclear binding, pion exchange, quark clusters, short-range
correlations, etc. At very large x, Fermi motion of the nucleons leads to nuclear enhancement. The
extraction of nuclear PDFs suffers from large uncertainties, in particular for gluons at small x, so
that the inclusion of LHC and future EIC data is very important [5, 6] .
2. Inclusive dijet photoproduction at the LHC
A potentially interesting novel process in this respect is inclusive dijet photoproduction in
UPCs at the LHC, which has recently been observed and analysed by the ATLAS collaboration [2].
We have computed this process in NLO QCD [7], based on previous work on inclusive jet [8] and
dijet [9], real and virtual [10] photoproduction in ep collisions at HERA (for a review see [11]). As
shown in Fig. 1, direct (left) and resolved (right) photons contribute to these processes.
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Figure 1: Direct (left) and resolved (right) photoproduction of dijets in ultraperipheral collisions of nuclei
A and B at the LHC.
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The differential hadronic cross sections
dσ(AB→ AB+2jets+X) =∑
a,b
∫
dy
∫
dxγ
∫
dxA fγ/A(y) fa/γ(xγ ,µ2f ) fb/B(xA,µ
2
f )dσˆ(ab→ jets)
(2.1)
are related to those of partons a and b, dσˆ(ab → jets), by the photon flux fγ/A(y) and PDFs
fa/γ(xγ ,µ2f ), where the former are well described by
fγ/A(y) =
2αZ2
pi
1
y
[
ζK0(ζ )K1(ζ )− ζ
2
2
(K21 (ζ )−K20 (ζ ))
]
(2.2)
for a relativistic pointlike charge Z with ζ = ympbmin, assuming no strong interactions for b >
bmin = 2.1RPb = 14.2 fm. The latter are taken from the GRV NLO parameterisation [12], while
we adopt nCTEQ15 nuclear PDFs [3] and estimate their uncertainty by summing over independent
eigenvectors, ∆σ = 12
√
∑31k=1 (σ( fk)−σ( fk+1))2. The renormalisation and factorisation scales are
set to µr = µ f = 2ET,1, where the points of fastest convergence of the perturbative seires and
of minimal scale sensitivity coincide. Jets are defined with the anti-kT algorithm and distance
parameter R = 0.4, transverse energies ET,1 > 20 GeV, ET,2 > 15 GeV, HT = ∑iET,i > 35 GeV,
rapidities |η1,2|< 4.4 and a combined jet mass mjets > 35 GeV.
The comparison of our calculations with the - unfortunately still preliminary - ATLAS data [2]
is shown in Fig. 2. On a logartihmic scale, we find excellent agreement not only in the total trans-
verse energy (HT , left) and parton momentum fraction distributions in the lead ion (xA, right), but
also for the parton momentum fraction distributions in the photon (zγ , not shown). Note, however,
that the data have not yet been unfolded for detector response.
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Figure 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs atp
sNN = 5.02 TeV in the ATLAS kinematics as a function ofHT for di↵erent bins of xA. The central
values and the corresponding shaded uncertainty bands are obtained using nCTEQ15 nPDFs. The
crosses are the ATLAS data points we extracted from [38].
see Eq. (3.1), the resolved photon contribution dominates for xA > 0.01. We find that
for small xA < 0.01, the two contributions are comparable with the direct contribution
being somewhat larger. While this behavior is qualitatively similar to the results of the LO
analysis in the framework of PYTHIA 8 with EPPS16 nPDFs [55], the relative contribution
of the resolved photon term is larger at NLO, but this statement depends of course on the
choice of the photon factorization scheme and scale.
The middle panel of Fig. 6 presents the ratio of the cross section calculated using
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Figure 3. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs
at
p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA for di↵erent bins of HT . The
crosses are the ATLAS data points we extracted from [38].
nCTEQ15 nPDFs in lead to the one calculated in the impulse approximation (IA), where
nuclear PDFs are assumed not to include any nuclear modifications and are given by the
weighted sum of free proton and neutron PDFs, f IAb/A = Zfb/p + (A   Z)fb/n. One can
see from this panel that the cross section ratio as a function of xA behaves similarly to
the ratio Rg = fg/A(x, µ
2)/[Afg/N (x, µ
2)] of the nuclear and nucleon gluon distributions.
It dips below unity for xA < 0.01 due to nuclear shadowing and then becomes enhanced
around xA = 0.1 due to the assumed gluon antishadowing. For xA > 0.3, the cross section
ratio shows again a suppression due to the EMC e↵ect encoded in the nPDFs. Note that
– 7 –
Figure 2: Inclusive dijet photoproductio at the LHC as measur d by TLAS, ompared to ur NLO QCD
alculations. Shown are the double-differential total transverse energy (left) and parton momentum fraction
distributions in the target lead ion (right) [7].
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Fig. 80: Photo-nuclear dijet cross sections in ultra-peripheral Pb–Pb collisions at
p
sNN = 5.5 TeV
with leading jet pT cut of 20 GeV/c (left) and 8 GeV/c (right). Results based on PYTHIA simulations
are calculated with EPPS16 nuclear modification (blue) and the contributions from resolved (green) and
direct (orange) photons are separately shown. Ratio plots show also results with different photon PDF
sets and the expected statistical uncertainties corresponding to the LHC (brown) and the Run 3 and and
Run 4 (dark blue) luminosities. Corresponding results based on NLO calculations for Pb–Pb collisions
at
p
sNN = 5.02 TeV with nCTEQ15 nPDFs [857] (red) are shown in case leading jet pT cut of 20 GeV/c.
depends on the momentum fraction x  and the factorisation scale µ; fb/A(xA, µ
2) is the nPDF with xA
being the corresponding parton momentum fraction; d ˆ(ab ! jets) is the elementary cross section for
production of two- and three-parton final states emerging as jets in the interaction of partons a and b. The
sum over a involves quarks and gluons for the resolved photon contribution and the photon for the direct
photon contribution dominating at x  ⇡ 1.
Figure 80 (left) presents predictions of Eq. (38) for the cross section of dijet photoproduction in
Pb–Pb UPCs at
p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA. The red solid lines
and the associated shaded band correspond to the central fit of nCTEQ15 nPDFs and their uncertainty,
respectively. The top panel of this figure demonstrates that NLO pQCD correctly reproduces the shape
and, at least semi-quantitatively, the normalisation of the preliminary ATLAS data. The lower panel of
Fig. 80 shows the ratio of the curves from the upper panel to the result of the calculation, where nCTEQ15
nPDFs are substituted by free proton and neutron PDFs. One can see from this panel that the central
value of the ratio of the two cross sections reveals the expected trend of nuclear modifications of nPDFs:
⇠ 10% shadowing for small xA < 0.01, which is followed by ⇠ 20% antishadowing (enhancement)
around x = 0.1 and then ⇠ 10% suppression for xA > 0.3. Note that since the uncertainties of
nCTEQ15 nPDFs are of the same magnitude as the effect of nuclear modifications, inclusion of this
dijet data if global QCD fits of nPDFs should in principle reduce the existing uncertainty.
It is also important to study diffractive dijet photoproduction in UPCs in the reaction A + A !
A+jet1+jet2+X+A. NLO pQCD predictions for the cross section of this process in pp, p–A, andA–
A UPCs in the LHC kinematics were made in [859]. It was shown that studies of this process on nuclei
may shed some light on the mechanism of QCD factorisation breaking in diffractive photoproduction
139
Figure 3: Single-differential parton momentum fraction distributions integrated over HT for the HL-/HE-
LHC and 5.5 TeV centre-of-mass energy with original (left) and low-xA-extended ATLAS acceptance (right)
[13]. Also shown are simulations with PYTHIA 8, direct and resolved contributions separately, and the
dependence on the photon PDFs [14].
For the high-luminosity (HL) and high-energy (HE) LHC community study, we have updated
our predictions from 5.02 to 5.5 TeV centre-of-mass energy per nucleon [13]. The results are
shown in Fig. 3. We observe a large potential for improvement in the nuclear shadowing region,
in articular if the ATLAS modifies the acceptance from the current transverse energy cuts (left) to
lower values (right). As one can see, the resolved photon PDF sens tivity resides mostly at large xA
corresponding to small zγ or low ET , while the direct process dominates at small xA.
3. Bayesian reweighting
Using our NLO QCD calculations presented i the previous section, we we t on to study the
im a of dijet ph to roduction data at the LHC on future determinati ns of nuclear PDFs [15].
Denoting the central fits of the nCTEQ15 [3] and EPPS16 [4] analyses by f 0j/A for parton j and
nucleus A and the error sets by f i±j/A (i= 1 ...2N with N = 16 for nCTEQ15, based on CTEQ6.1M
proton PDFs, and N = 20+ 28 for nuclear + proton PDF uncertainties in EPPS16), we produced
replicas k = 1 ...Nrep with Nrep = 10,000 through
f kj/A(x,Q
2) = f 0j/A(x,Q
2)+
1
2
N
∑
i=1
[
f i+j/A(x,Q
2)− f i−j/A(x,Q2)
]
Rki (3.1)
with a normally distributed random number Rki (µ = 0,σ = 1) as well as pseudodata from our
NLO QCD prediction for dσ0/dxA with the central PDFs f 0j/A for Ndata = 9 bins in xA. We then
3
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Table 1: Effective number of contributing replicas in our nPDF reweighting study.
ε Neff(nCTEQ15) Neff(nCTEQ15np) Neff(EPPS16)
0.05 4407 3982 5982
0.1 7483 7742 8727
0.15 8870 9107 9555
0.2 9464 9607 9818
evaluated the test function
χ2k =
Ndata
∑
j=1
(dσ0/dxA−dσ k/dxA)2
σ2j
(3.2)
with assumed uncertainties σ j = εdσ0/dxA for different assumptions on the data precision ε =
0.05 ...0.2. This allowed us to obtain reweighted nPDFs
〈 f j/A(x,Q2)〉new =
1
Nrep
Nrep
∑
k=1
wk f kj/A(x,Q
2) (3.3)
and their uncertainties
δ 〈 f j/A(x,Q2)〉new =
√√√√ 1
Nrep
Nrep
∑
k=1
wk
(
f kj/A−〈 f j/A(x,Q2)〉new
)2
(3.4)
from the weights
wk =
e−
1
2 χ
2
k /T
1
Nrep ∑
Nrep
i e
− 12 χ2i /T
, (3.5)
where∑kwk =Nrep and the tolerances were T = 35 and 52 for nCTEQ15 and EPPS16, respectively.
The effective numbers of contributing replicas are then
Neff = exp
[
1
Nrep
Nrep
∑
k
wk ln(Nrep/wk)
]
. (3.6)
They are listed in Tab. 1. The impact of the final ATLAS data with an assumed total uncertainty of
ε = 0.05 on the nPDFs can be deduced from Fig. 4. In this case, the uncertainty of the nCTEQ15np
fit, which does not use pion data from RHIC, is reduced by about a factor of two, in particular at
low xA.
4. Diffractive dijet photoproduction
A completely novel set of PDFs, namely diffractive nuclear PDFs fD(4)b/A (xIP,zIP, t,µ
2), appears
in cross sections of diffractive dijet photoproduction
dσ =∑
a,b
∫
dt
∫
dxIP
∫
dzIP
∫
dy
∫
dxγ fγ/A(y) fa/γ(xγ ,µ2f ) f
D(4)
b/A (xIP,zIP, t,µ
2
f )dσˆ
(n)
ab→jets (4.1)
4
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Fig. 7 The gluon, u-quark, d-quark, and s-quark nCTEQnp nPDFs as a function of x at Q2 =
400 GeV2 with (blue, inner band) and without (red, outer band) the Bayesian reweighting.
The case of ✏ = 0.05.
Figure 4: The gluon, u-quark, d-quark, and s-quark nCTEQ15np nPDFs as a function of xA at Q2 = 400
GeV2 with (blue, inner band) and without (red, outer band) the Bayesian reweighting for an assumed total
experimental uncertainty of ε = 0.05 [15].
with intact (at most excited) nuclei and/or large rapidity gaps on both sides of the event. Diffractive
nuclear PDFs can be theoretically defined as conditional leading-twist distributions of partons b in
nuclei A in terms of the light-cone momentum fraction zIP at the resolution scale µ f , provided that
the nucleus undergoes diffractive scattering characterised by the light-cone momentum fraction loss
xIP and the invariant momentum transfer squared t. The leading-twist model of nuclear shadowing
[16], which is based on a generalisation of Gribov-Glauber theory, QCD factorisation theorems
and information on diffractive processes at HERA [17, 18], predicts a significant suppression of
nuclear diffractive PDFs
fD(4)b/A (xIP,zIP, t,µ
2
f ) = Rb(xIP,zIP,µ
2
f ) f
D(4),IA
b/A (xIP,zIP, t,µ
2
f ) (4.2)
at low xA = xIPzIP compared to the impulse approximation (IA). Note that Eq. (4.2) breaks in princi-
ple the phenomenological factorisation of diffractive PDFs into the product of a Pomeron (IP) flux
and Pomeron PDFs. However, the shadowing suppression Rb(xIP,zIP,µ2) depends only weakly on
the parton flavor b, the scale µ f , zIP and xIP and can in practice be approximated by a factor of 0.15.
In a recent study, we have made predictions in NLO QCD for diffractive dijet photoproduc-
tion in pp, p-Pb and Pb-Pb collisions at the LHC [19]. Distributions for the latter at a center-of-
mass energy per nucleon of
√
sNN = 2.76 TeV are shown in Fig. 5. Approximate results for p-Pb
and pp collisions and can be obtained by a simple rescaling with A based on the approximate re-
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Figure 11. The di↵erential cross section of di↵ractive photoproduction of dijets d (AA ! A +
2jets +X 0 +A) in AA UPCs at
p
sNN = 2.76 TeV.
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Figure 5: Differential cross sections for diffractive photoproduction of dijets dσ(AA→ A+2jets+X ′+A)
in Pb-Pb UPCs at
√
sNN = 2.76 TeV.
lation fD(3)b/A (xIP,zIP,µ
2
f ) ≈ A/2 fD(3)b/p (xIP,zIP,µ2f ) between the nuclear and proton diffractive PDFs
(integrated over the momentum transfer t) and the fact that the Pb-Pb cross section receives con-
tributions of both nuclei, while the p-Pb cross section is dominated by the photon-from-nucleus
contribution.
It is well known from studies of diffractive photoproduction of dijets in ep scattering at HERA
that collinear factorisation for this process is broken, i.e. NLO QCD calculations overestimate
the measured cross sections by almost a factor of two. The pattern of this factorization breaking
remains unknown and presents one of the outstanding questions in this field [17, 18], but it would
in principle of course also apply to diffractive dijet photoproduction in UPCs at the LHC [19].
5. Conclusion
In conclusion, we have presented an NLO QCD analysis of dijet photoproduction in UPCs at
the LHC, where short-range strong interactions are suppressed. On a logarithmic scale, our calcu-
lations agreed very well with preliminary ATLAS data, which unfortunately must still be unfolded
for detector effects. In a Bayesian reweighting study, we showed that the final data have the po-
tential to reduce the uncertainties of nuclear PDFs, in particular in the shadowing region at small
parton momentum fractions, by about a factor of two. If the nuclei on both sides of the interac-
tion stay intact or have large rapidity gaps to the central hard event, an interesting novel quantity,
6
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namely diffractive nuclear PDFs can be extracted, in particular, but not only, from diffractive dijet
photoproduction, and QCD factorisation breaking in these processes can be analysed in detail.
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